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It is well known that water inside hydrophobic nano-channels diffuses faster than bulk water. Re-
cent theoretical studies have shown that this enhancement depends on the size of the hydrophobic
nanochannels. However, experimental evidence of this dependence is lacking. Here, by combining
two-dimensional Nuclear Magnetic Resonance (NMR) diffusion-relaxation (D−T2eff ) spectroscopy
in the stray field of a superconducting magnet, and Molecular Dynamics (MD) simulations, we
analyze the size dependence of water dynamics inside carbon nanotubes (CNTs) of different diam-
eters (1.1 nm to 6.0 nm), in the temperature range of 265 K to 305 K. Depending on the CNTs
diameter, the nanotube water is shown to resolve in two or more tubular components acquiring
different self-diffusion coefficients. Most notable, a favourable CNTs diameter range (3.0− 4.5 nm)
is experimentally verified for the first time, in which water molecule dynamics at the centre of the
CNTs exhibit distinctly non-Arrhenius behaviour, characterized by ultrafast diffusion and extraor-
dinary fragility, a result of significant importance in the efforts to understand water behaviour in
hydrophobic nanochannels.
PACS numbers: 88.30.rh, 89.40.Cc, 66.10.cg, 68.35.Fx, 82.56.Fk, 47.56.+r
I. INTRODUCTION
The study of water diffusion inside Carbon Nanotubes
(CNTs) has attracted great interdisciplinary interest as
conduit for understanding nanofluidic properties in a va-
riety of nanoporous systems having potential in many ap-
plications, such as water treatment technologies[1], drug
delivery[2, 3], intracellular solute transport control [4],
and energy storage systems [5, 6]. Theoretical methods,
mostly Molecular Dynamics (MD) simulations[2, 7, 8],
have been used to investigate the structure and dynam-
ics of water molecules inside CNTs. A major outcome of
these studies is that water molecules tend to stratify in
coaxial tubular sheets inside CNT channels[7, 9, 10]. In
certain CNT sizes, nanotubular water diffuses faster than
bulk water [7, 11, 12] upon confinement. This fast wa-
ter motion has been explained by several authors as due
to H-bond modifications in the hydrophobic nanochan-
nels, or due to geometrical constraints and curvature
induced incommensurability between the water and the
CNT walls [7]. From the experimental point of view, a
great number of methods, such as infrared spectroscopy
[13], Raman spectroscopy [14, 15], thermogravimetric
analysis [16], Transmission Electron Microscopy (TEM)
[17–21], X-ray Compton scattering [22, 23], and Nuclear
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Magnetic Resonance (NMR) [24–27] have been widely
used in the study of molecular confinement and trans-
port through the CNT channels [28]. However, until
now there is scarce experimental evidence at molecular
scale, regarding the way water organizes and diffuses in-
side the CNTs, and the way these properties vary as a
function of the channel size and temperature. These chal-
lenges are associated with a fundamental problem in the
physics of soft matter, which is still not well understood,
i.e. the microscopic origin of the temperature depen-
dence of the structural and dynamic properties, such as
structural relaxation times and transport coefficients, of
confined liquids (see for example ref. [29]). The mani-
festation of a non-Arrhenius behavior in the temperature
dependence of both the translational and rotational dy-
namics of liquid water has led Angel to introduce the
concept of fragility, a useful classification of liquids along
a strong and fragile scale [29]. According to this concep-
tion, a pure Arrhenius behavior classifies a strong liquid
whereas a non-Arrhenius one signifies a fragile behav-
ior. This is demonstrated for example in the supercooled
state of water where an increase of the apparent acti-
vation energy is observed upon cooling, noticeable even
at room temperature. Water confined in nanotubes ex-
hibits similar phenomena as described in this work. In
the above context, NMR is an important noninvasive tool
with atomic scale resolution for studying water-surface
and nano-confined water systems. Standard NMR exper-
iments typically include longitudinal T1, transverse T2 re-
laxation times, self-diffusion coefficient D, and line-shape
ar
X
iv
:1
91
1.
08
21
9v
2 
 [p
hy
sic
s.c
he
m-
ph
]  
21
 Ja
n 2
02
0
2measurements. In a recent survey [28] of NMR studies
on the water dynamics inside CNTs, it is revealed that
the majority of the published reports [30–34] focused on
1H-water NMR-lineshape versus temperature in order to
establish the freezing point of the confined water. How-
ever, any change in the water structure and dynamics
induced by the nano-confinement is expected to be also
reflected in the 1H NMR T1, T2 and D values of the
water molecules. Such measurements for water-in CNTs
have been rarely published [35, 36]. It is noticed that un-
til now, the temperature dependence of the self-diffusion
coefficient D of water in CNTs has been examined mainly
by using neutron scattering techniques, focused on one or
two CNT diameters [37–39]. Furthermore, in the temper-
ature range investigated in the present work, the differ-
ence between the Arrhenius and non-Arrhenius behavior
could not be appreciated by neutron scattering methods
[39].
In this paper we utilize two-dimensional 1H NMR
diffusion-relaxation correlation spectroscopy (D−T2eff )
to study water confinement in CNTs as a function of size
(1.1 nm- 6.0 nm) and temperature (265 K-305 K) [40–
43]. In addition, MD simulations on the same systems
were carried out in order to acquire the way that water
is organized inside the CNTs, and compare theoretical
with experimentall D values. Notably, in the CNTs di-
ameter range 3.0 nm - 4.5 nm, water is shown to split into
coaxial water tubular sheets (WTS), with the central one
obtaining an order of magnitude higher D, in comparison
to the outer WTS close to the CNT wall. This result is
not foreseen by any theoretical calculation method per-
formed until now. Even more, water molecules along the
CNTs axis show remarkable deviation from the Arrhenius
temperature dependence; a very fragile, almost liquid-
like axial water component, persisting even at very low
temperatures is formed, with fragility sufficiently higher
than that of the bulk water.
II. RESULTS AND DISCUSSION
The water structure inside the CNTs varies upon in-
creasing the CNTs diameter; it forms a 1D chain of water
molecules in ultranarrow single walled CNTs (d < 1 nm),
and it is organized into coaxial WTS as the CNTs diam-
eter increases. Figure 1, shows three MD simulation
snapshots of water configuration at room temperature
inside CNTs with diameters 1.1 nm, 3.0 nm, and 5.0 nm.
In all three cases, water molecules inside CNT channels
are shown to arrange in concentric WTS (black circles
in the snapshot), in agreement with previous publica-
tions (see for example Alexiadis et al. [10] and references
therein). The number of WTS that can be accommo-
dated inside CNT channels depends on the size of the
CNTs and on the Oxygen-Oxygen as well as Oxygen-
Carbon interactions [10]. It is furthermore observed
that the stratified water arrangement into WTS becomes
FIG. 1: Snapshots from MD simulations of water molecules
arrangements inside CNT nanotubes of different sizes (green:
carbon atoms of the CNT wall, red: Oxygen atoms white:
Hydrogen atoms and black shaded-circles represent different
water layers).
denser by increasing the CNT size and gradually the dy-
namics of water molecules approach that of bulk water
[10].
In order to verify experimentally the role of the CNTs
diameter on the water structure and dynamics, we con-
ducted 2D 1H NMR D−T2eff measurements of water in
various CNT sizes, ranging from 1.1 nm to 6.0 nm, and in
the temperature range 265K to 305K. Experiments were
performed in the stray field of a superconductive magnet
with a constant magnetic field gradient g = 34.7 T/m,
at 1H NMR frequency of 101.324 MHz. It is noticed that
in a constant strong magnetic field gradient, as in our
case, the CPMG spin-echo decay curves, assigned to the
T2-axis [40, 44], decay with an effective T2eff , which is
sufficiently shorter than the intrinsic T2 in the absence
of a magnetic field gradient. For example, T2eff of bulk
water was found to be ∼ 10 ms, instead of T2 ∼ 2 s
in a homogeneous external magnetic field. Henceforth,
the 2D diffusion-relaxation spectra refer to D−T2eff in-
stead of D − T2. Detailed discussion on this is given in
the second section of the Supporting Information (SI).
In the case of NMR diffusion experiments with a uni-
form diffusion process, the self-diffusion coefficient D is
obtained by appropriate fitting the 1H NMR spin-echo
decay data [43]. However, in non-uniform diffusion pro-
cesses, diffusion is expressed with a distribution function
f(D), which can be obtained by implementing an ap-
propriate inversion algorithm, as explained in the Sup-
porting Information. The advantage of the D − T2eff
spectroscopy in comparison to 1D NMR diffusion mea-
surements is its ability to resolve signals with different
T2eff and therefore acquire distinctly - otherwise over-
lapping - D values [40]. Consequently, D of the nanotube
water can be resolved by analyzing the spin-echo decay
signals in different T2eff windows.
Figure 2 shows the 2D NMR D−T2eff spectra of four
characteristic samples measured in this study, at 270 K
and 285 K. The intensities of the NMR contour plots are
rescaled accordingly to improve visualization. Two main
signals are visible acquiring different T2eff values, i.e. 0.5
ms and 10 ms, respectively. The short T2eff ) signal is as-
3FIG. 2: 2D 1H NMR D − T2eff contour-plots of water inside CNT of sizes 1.1 nm, 3.5 nm, 5.0 nm and 5.5 nm, at selected
temperatures (270 K and 285 K). Two main T2eff peaks are observed, corresponding to two different water groups (interstitial
and nanotube water) as seen in the T2eff projection for a 1.1 nm sample at 285 K. For better visualization all signal intensities
at 270 K are multiplied by 4.
signed to the nanotube water [40], while the long T2eff
signal is assigned to bulk and interstitial water, i.e. ex-
ternal water confined in the space between CNTs, which
are assembled in CNT-bundles, as explained in detail in
ref. [41]. Upon lowering temperature, bulk water freezes
and the intensity of the NMR signal from the external
water decreases rapidly, as observed in Figure 5 of the
SI. Below 273 K bulk water becomes invisible due to the
extremely low T2 ≈ T2eff of ice and only the nanotube
and interstitial water are observed.
To uncover the nanotube water dynamics, we calcu-
lated separately the D projections corresponding to the
short T2eff signal component, i.e. to the nanotube wa-
ter. Figure 3 shows the diffusion profile of the nanotube
water for all measured samples at 285 K. In all tempera-
tures, the diffusion curves acquire an asymmetric distri-
bution with a long tail towards the low D values, which
is the fingerprint of uniform 1D restricted diffusion in
a set of randomly oriented nanochannels [40, 45]. Re-
markably, the diffusion profiles at certain CNT sizes (3.0
nm, 3.5 nm and 4.5 nm) can be fitted with two log-norm
distribution functions, with the faster one exhibiting D
values up to five times higher than that of bulk water.
Furthermore, in the same CNT size range, the D values
of the main diffusion peak are sufficiently higher than
those of the rest CNT sizes. For instance, it is found
that D ∼ 2.6 × 10−9m2/s in the 3.5 nm CNT, suffi-
ciently higher than D ∼ 1.6 × 10−9m2/s in the 5.5 nm
sample. This result is in agreement with previous stud-
ies [35, 46], which show that the mean D value of water
in small CNT sizes is twice as large than in large CNT
sizes. At larger CNT diameters D acquires the value of
bulk water. In order to understand the split of water
dynamics in two components, MD simulations were con-
ducted at room temperature in different sizes of CNTs,
to reveal the local density of the water layers and the
diffusion coefficients. Results are presented in Figure 4.
4FIG. 3: 1H NMR Diffusion projections (solid lines) from the
D− T2eff spectra of the internal nanotube water in different
CNT sizes, at 285 K. Diffusion projections at certain CNT
sizes (3.0 nm, 3.5 nm and 4.5 nm) are resolved into two com-
ponents (dashed curves), represented by the main and the
shoulder peaks.
The stratified water arrangement is clearly seen within
the CNTs. In small CNT size of 1.1 nm, water molecules
form a single tubular layer in agreement with the lit-
erature [7]. Due to the hydrophobic interaction between
water molecules and carbon atoms of the CNT walls, wa-
ter molecules of this layer are far from the CNT wall by
0.3 nm. Furthermore, the calculated D values are about
∼ 0.7× 10−9m2/s as seen in Figure 4.
Upon increasing the CNT diameter, additional water-
layers are formed. In the 3.5 nm size sample, MD simula-
tions reveal two concentric WTS with different D values
in agreement with the NMR results. The water density
profiles indicate that the outer WTS close to the CNT
wall corresponds to the main diffusion peak in Figure 3,
while the central WTS corresponds to the fast diffusion
component. The outer WTS shows a mean D value of
FIG. 4: Water local density inside different CNT sizes along
with their corresponding models obtained using MD simula-
tions, at room temperature. The x-axis is the CNT inner
diameter where zero represents the center of the nanotube.
Self-diffusion coefficients for the observed water layers inside
CNTs were also calculated.
∼ 2.2 × 10−9m2/s, in agreement with the NMR results,
however, the central WTS differs significantly from the
experimentally measured D value at the center of the
CNT channel. Finally, in the large diameter sample (5.0
nm), although the MD simulation has revealed multiple
water layers, their calculated D values are close to each
other, unveiling uniform dynamics across the diameter,
in agreement to the NMR results of Figure 3. Similar
analysis was performed to all samples at various temper-
atures. At this point, it is important to rule out the diffu-
sion of water molecules in the radial direction of the CNT
channels. This is due to the large free-energy-barrier be-
tween consecutive layers in the radial direction, which
might take values as high as 1− 2 kcal/mol [10]. There-
fore, radial diffusion is prohibited especially at low tem-
5FIG. 5: Experimental 1/D vs. 1000/T of the nanotube water
in CNTs of various sizes. The blue lines (in both the main
figure and the inset) are theoretical 1/D vs. 1000/T curves
of an ideal strong liquid obeying the Arrhenius law. The
yellow circles and the black line are the experimental values
of bulk water and the relevant power law fit. In CNT sizes 3.0,
3.5, and 4.5 nm, two water groups are resolved with different
dynamics (slow and fast). The grey and the black dashed-lines
are the power line fits of the data of the fast nanotube water
group. The blue arrows are the relevant liquidus temperatures
Tl. The inset is magnification of the 1/D vs. 1000/T curves
of the fast water component for CNT sizes 3.0, 3.5, and 4.5
nm. The self-diffusion data of bulk water at temperatures
below 260 K were taken from ref. 7 of the SI.
peratures, where molecules do not have sufficient thermal
energy to overcome the free energy barrier.
Figure 5 shows the temperature dependence of the in-
verse of the self-diffusion coefficient 1/D vs. 1000/T , of
the nanotube water in CNTs with diameter ranging from
1.1 nm to 6.0 nm, in the temperature range of 265 K to
305 K. The blue lines are the relevant curves of an ideal
liquid obeying the Arrhenius law 1D =
1
D 0
exp
(
U
kBT
)
for
two different initial 1/D0 values. Such liquids are de-
noted in the literature as strong liquids [47]. The yellow
circles are the experimental values of bulk water; at high
temperatures water follows the Arrhenius law, however
as shown in Figure 5, below the liquidus temperature
Tl ≈ 273 K, i.e. the temperature above which a material
is completely liquid, strong deviation from the Arrhenius
law is observed, while by approaching the glass forming
transition temperature, 1/D obeys the Arrhenius behav-
ior again [37]. The high temperature Arrhenius and non-
Arrhenius dynamic crossover at the liquidus temperature
Tl has been observed in many glass-forming systems [48].
Liquids with this kind of behavior are denoted as frag-
ile liquids. Similar to the bulk water, the temperature
dependence of the diffusion coefficient of nanotube water
shows strongly non-Arrhenius behavior. Many theoreti-
cal explanations have been proposed to explain the fragile
behavior of water, such as the change in the translational
and reorientation dynamics [49], the coexistence of high
and low-density liquid structures [50, 51], the increasingly
collective character of water motions at low temperatures
[52], the freezing of some collective motions [53, 54], and a
connection of hydrogen-bond exchange dynamics to local
structural fluctuations [55]. For a quantitative descrip-
tion of our data we adopted the Speedy-Angell power-law
approach, having the following form [56],
1
D
=
1
D 0
exp
[
T
TS
− 1
]γ
where TS is the thermodynamic limit at which transport
properties become zero [57], and the exponent is asso-
ciated with the fragility and the formation of an open
hydrogen-bond network.
In the case of bulk water, the solid black line is the
power-law fit to the experimental data (yellow circles)
with TS = 218 K and γ = −2 in agreement with previ-
ously reported values [58]. Evidently, the adopted power
law describes adequately the dynamical behavior of bulk
water. In small and large CNT sizes (1.1 nm, 5.0 nm, 5.5
nm and 6.0 nm), the nanotube water dynamics is simi-
lar to that of bulk water, while in the CNT size range
3.0 nm - 4.5 nm, two nanotube water groups are re-
solved with different dynamics, i.e. an outer slow compo-
nent (circle data points) and a central fast one (rhombus
data points). The data of the fast nanotube water group
(rhombus) can be fitted to the Speedy-Angell power-law
only when γ values in the range of −2.0 to −5.0 are
considered. This indicates that the fast axial water com-
ponent attains a very fragile structure [40], resisting the
formation of a hydrogen bonding network upon cooling.
Besides, the liquidus temperature Tl of the fast water
component shifts to higher temperatures, a behavior as-
sociated with the size dependent rise of the melting tem-
perature in very narrow single walled CNTs [59, 60] . It is
furthermore observed that in the specific size range (3.0
nm - 4.5 nm), the 1/D vs. T curve of the slow water com-
ponent deviates from that of bulk water; specifically, even
the outer WTS close to the CNT walls acquires higher
liquidus temperature and higher fragility than bulk wa-
ter. This assignment differs from the picture conveyed by
certain MD simulation reports [11] where water close to
the CNT walls is shown to diffuse faster due to pure hy-
drophobic interactions between the water and the CNT
walls, a fact however which does not explain the dynamic
spatial heterogeneity between the central and the outer
WTS components revealed by our experiments.
Figure 6 shows the CNT size dependence of the exper-
imental D values of the outer slow diffusing WTS compo-
nent, together with the relevant MD simulation results.
At 285 K, a diffusion maximum is observed in the diam-
eter range of 3.0 nm - 4.5 nm, as also shown in Figure 3.
The maximum D value decreases by lowering tempera-
6FIG. 6: NMR experimental self-Diffusion coefficients of the
outer WTS versus CNT sizes, at different temperatures (285
K, 275 K, 270 K and 265 K). Black colored solid triangles,
empty triangles, and solid squares are MD simulation results
at 300 K, 280 K, and 260 K. The black solid lines are guides
to the eye. The inset shows the CNT diameter of maximum
diffusion (diffusion peak) at each measured temperature.
ture, indicating the freezing of the diffusion process. The
MD simulation results (black points and black lines in
Figure 6), are in relatively good agreement with the ex-
perimental results, however, the experimental diffusion
maxima are sufficiently higher than those acquired by
the MD simulations. Results in Figure 6 confirm the
prediction of diffusion maximum in ref. [11], while the
smaller D values in comparison to ref. [11], acquired by
our MD simulations might be due to slight differences in
the boundary conditions, i.e. long open CNTs used to
measure diffusion. Furthermore, the low D values in the
1.0 nm CNT is caused by the extreme confinement effect
and was reported in early studies on water in small CNT
sizes [61, 62].
Another important observation in Figure 6 is that
the position of the experimental diffusion peak depends
strongly on both the temperature and the CNTs size.
The inset in Figure 6 shows the position of the diffu-
sion maximum Dmax, in the T vs. d (CNTs diameter)
diagram. The highest temperature of Dmax is observed
at d = 3 nm. Evidently, this is linked with the anoma-
lously high liquidus temperature observed in this mate-
rial, which may be consider as indicator of the onset of
atomic scale controlled water dynamics [60], and dynam-
ically heterogeneous fragility [63, 64]. The substantial
slowdown of the nanotube water dynamics by increasing
the CNT size might be related to the fact that in large
CNT tubes more stratified water layers are formed as also
confirmed by our MD results in Figure 4. It has been
reported [10] that above four or five layers the water grad-
ually loses memory of the CNT wall and tends to acquire
again the bulk water structure. Therefore, in large CNT
channels, the structure of water molecules at the center
of the tubes and the hydrogen bond network resemble
that of the bulk water phase. The physical reasons be-
hind the water diffusion enhancement in particular CNT
size (3.5 nm) in comparison to the diffusion in larger
sizes (e.g. 5.5 nm) is still not well understood. Simi-
lar results were obtained by MD simulation [7, 11, 12]
and experimental groups [35, 65]. In general, two fac-
tors are expected to control the diffusion rate in various
sizes of CNTs; the water structure inside as well as even-
tual functional groups on the CNT walls. Structural and
vibrational studies have shown that water structure in-
side certain CNT size (3.0 nm) acquire ice-like clusters
[46, 66], exhibiting cooperative motion with high diffu-
sion. In this scheme, water clusters can diffuse smoothly
and fast into these nano-channels. The lower diffusion
at smaller CNT size is due to the very small spatial re-
striction. On the other hand, at larger CNT size, we
presume a bulk-phase water structure, due to the large
available space in the inner channels of CNTs. Further-
more, previous reports [67–70] suggested that the func-
tionalization of CNTs with oxygen groups may reduce
the water diffusion coefficient due to the preferential in-
teraction between oxygenated sites and water molecules.
To the best of our knowledge, this is the first experi-
ment result reporting the existence of a CNT diameter
range at which maximum water diffusion occurs. A simi-
lar trend is obtained by the MD simulations in Figure 6,
in agreement with previous calculations [7, 9–11, 65, 71].
However, MD simulations fail to predict the experimen-
tally detected anomalously high D values of the central
axial water component. It is important therefore to em-
phasize the difficulty to quantitatively compare between
NMR and MD simulation results because: i) dynamical
properties reported in MD literature are heavily depend-
ing on the water models and potential wells used [10],
and ii) due to the computational power limitation, the
time accessible to all MD works is in the range of ps to
very few ns. On the other hand, in NMR, the accessible
experimental time is typically 1− 2 orders of magnitude
longer than that of MD simulations. Despite these fac-
tors, both MD simulations and NMR experiments show
the same size dependence of CNTs water dynamics.
III. CONCLUSIONS
We have presented 2D NMR D − T2eff results of wa-
ter inside CNTs of different sizes and at various temper-
atures in combination with MD simulations. Our exper-
iments show in a unique way the existence of a favorable
CNT size range (3.0 nm 4.5 nm) with anomalously en-
hanced water diffusion. In this size range the nanotube
water is further resolved into two components, with the
central one exhibiting astonishing transport properties,
with extraordinary high liquidus temperature Tl, and D
7values ranging from two to almost four times than the D
values of the bulk water. Evidently, atomic scale inter-
actions dominate water dynamics in this CNTs diameter
range giving rise to the heterogeneity in the fragile behav-
ior between the central and the outer components of the
confined water. The origin of this behavior can be traced
to the interrelation between the strength of the repulsive
part of the interatomic potential and the liquid fragility
[72] as well as to the associated hydrogen bond lifetimes
of water within the carbon nanotubes [73]. To the best of
our knowledge, this is the first experiment result report-
ing on the existence of a CNT diameter range at which
maximum water diffusion occurs and simultaneously ex-
hibiting a size dependent liquid fragility. In general, the
existence of new phases of water inside CNTs can add a
new prospective in the field and it is an important finding
on the design of nano-channels for membrane separation
and drug delivery systems.
IV. MATERIALS AND METHODS
A. Materials
Purified carbon nanotubes; Single, Double and Multi-
ple (SWCNT, DWCNT, and MWCNT) were purchased
from SES research, USA. The inner diameter of the CNTs
used in this work was ∼ 1.1 nm for the SWCNT, ∼ 3.5
nm for the DWCNT and ∼ 4.5 nm for the MWCNT.
Additionally, further MWCNT samples were purchased
from Nanocs, USA with inner diameters 3.0, 5.0, 5.5, and
6.0 nm. The length of the tubes in all the CNTs used in
this work was from 15 m to 20 m and all the CNTs were
open ended as provided by the manufacturer. The sam-
ples were characterized using TEM-FEI Tecnai G20 with
a 0.11 nm point to point resolution and found consistent
with manufacturers specifications. The CNT powder was
used with no further treatment and doubly distilled water
was used for the NMR samples preparation. Further in-
formation on the CNTs and the preparation of the NMR
samples is available in the Supporting Information.
B. NMR experiments
2D 1H NMR diffusion-relaxation D − T2eff measure-
ments were performed in the stray field of a 4.7 T Bruker
superconductive magnet providing a 34.7 T/m constant
magnetic field gradient at 1H NMR frequency of 101.324
MHz. The experiments were carried out by using a pulse
sequence with more than 5000 pulses (more details can be
found in the Supporting Information). The temperature
was controlled by an ITC-5 temperature controller in a
flow type Oxford cryostat. The accuracy of the temper-
ature was 0.1 K. A 30 min time window was allowed at
each temperature before collecting data. NMR data were
analyzed using a 2D non-negative Tikhonov regulariza-
tion inversion (discussed in the Supporting Information)
algorithm code developed by the authors.
C. Computational
Molecular dynamics simulations were used to investi-
gate the diffusion of water inside single walled carbon
nanotubes. Different systems were simulated for CNTs
with different diameters. Each system consists of a nan-
otube of length 20nm immersed in a water bath. The
nanotubes studied were armchairs (4, 4), (8, 8), (15, 15),
(18, 18), (22, 22), (26, 26), (37, 37), and (73, 73) of diam-
eters 0.55 nm, 1.10 nm, 2.06 nm, 2.47 nm, 3.02 nm,
3.57 nm, 5.08 nm, and 10.02 nm correspondingly. The
molecular dynamics simulations were implemented using
NAMD40. Water molecule was represented using the
Simple Point Charge/Extended (SPC/E) model, which
predicts accurately many of the bulk water properties
[41]. The non-bonded interactions between carbon atoms
were modeled using the Lennard-Jones (LJ) potential
with the parameters ( = 0.069 kcal/mol, rmin = 3.805A˚)
given by Werder et al [8]. The positions of the carbon
atoms were held fixed throughout the simulations. The
systems were kept at the same temperature of 300 K us-
ing Langevin Thermostat. In addition, the pressure was
maintained at 1.0 atm using Nos-Hoover Langevin piston
with a period of 100 fs and a damping time scale of 50 fs.
The simulations were performed using periodic boundary
conditions in which electrostatic interactions were calcu-
lated using Particle Mesh Ewald (PME). The simulation
integration time step was 2.0 fs. Bonded interactions
were calculated every time step while non-bonded inter-
action was calculated every two steps with a cut-off of
12A˚ and switching function of 10A˚. All simulated sys-
tems were minimized for 10,000 steps and then gradually
heated to the target temperature of 300 K. Each system
was then equilibrated at 300 K for 50, 000 steps (100 ps)
before the production runs. The production simulations
were run for a total time of 50 ns. The system configura-
tion was saved every 500 steps (1.0 ps) for analysis. The
water density profile was calculated for each simulated
system inside the CNTs in order to elucidate the struc-
ture. The self-diffusion coefficient was determined using
the mean squared displacement function (MSD) in the
axial direction. MSD is calculated over a time interval of
1.0 ns at a sampling rate of 1 ps. MSD was then averaged
over 50 such time intervals. The interval length, 1.0 ns,
was chosen carefully to give water molecule enough time
inside the carbon nanotube before exiting. In order to
estimate the diffusion constant D, we fit the later part
of MSD function (MSDt→∞ = 2Dt) to a straight line
using simple least squares regression model (β0 + β1t).
The estimated slope
(
βˆ1
)
is equal to two times the dif-
fusion coefficient (2D). In order to estimate the error in
D (∼ 10−12m2/s), we used the estimated standard error
of the slope βˆ1 =
√
MSE
Sxx
. The diffusion coefficients were
8calculated for all of the water inside the CNT and for all
the components obtained from the density profile.
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In this document, we provide supporting information regarding the following:
1. Materials and Methods.
2. 2D 1H NMR D − T2eff measurements.
3. Comparison between simulated and Experimental 1H NMR diffusion measurements.
4. T2eff projections at different temperatures.
5. Analysis of strong and fragile liquids.
I. 1. MATERIALS AND METHODS
A. 1.1 Materials
Purified single wall, double wall and multiwall carbon nanotubes (SWCNT, DWCNT, and
MWCNT) of different sizes were purchased from SES research, USA. The inner diameter
of the CNTs was ≈ 1.1 nm for the SWCNT, ≈ 3.5 nm for the DWCNT and 4.5 nm for
the MWCNT. Further MWCNT samples were purchased from Nanocs, USA with inner
diameters of 3.0 nm, 5.0 nm, 5.5 nm, and 6.0 nm. The length of the CNT channels were
about 20 µm and all the CNTs were open ended as provided by the manufacturer.
B. 1.2 Methods
Morphological analysis of the CNTs was conducted with Transmission Electron Mi-
croscopy (TEM) using a FEI Tecnai G20 microscope with a 0.11 nm point to point res-
olution, operated at 200 kV. For this analysis, approximately 1 mg of each sample was
dispersed in 20 ml of high purity cyclohexane (Merck, 99.9%) via sonication for duration
of 15 s; a drop of each suspension was deposited on copper grids (400 mesh) covered with
a thin amorphous carbon film (lacey carbon). To avoid contamination, CNT samples were
inserted into the TEM machine immediately following preparation. Bright field images were
collected at several magnifications in order to observe structure and size homogeneity. Fig-
ure S 1 shows representative TEM images for the CNT samples used in this study. To
prepare fully water saturated samples for NMR measurements, CNT powder was immersed
in deionized water inside gamma shaped NMR quartz tubes, with outer/inner diameters of
5/3 mm respectively. The samples were then let to come to equilibrium at room temperature
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for three hours. In order to force water into the tube (expelling air out of them), the quartz
tubes with the samples were connected to a vacuum system and air was carefully pumped
out until small bubbles were observed leaving the immersed powder through the water, clear
indication of water replacing the air inside the CNTs. The process was continued until no
further air bubbles were observed. At the end of the pumping process, a water loss between
5 µl to 10 µl was observed in all water immersed samples. Each sample was then flame
sealed under vacuum with a small layer of free water left in the vertical part of the tubes
(Figure S 2c).
Fig. S 1: Representative TEM images of the CNT samples used in this study. The inner
diameter of CNTs is recognizable within each image.
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Fig. S 2: Preparation of CNT samples for NMR measurements. (a) Sonication of the
samples: CNT powder immersed in water, (b) Vacuum system used in order to force water
to replace air inside CNTs. (c) Gamma shaped NMR tube filled with water saturated
CNTs. The tubes are flame sealed under vacuum on top of the vertical part, while water
saturated CNTs are in the horizontal part. In the 34.7 Tesla magnetic field gradient the
NMR active region is a 0.2− 0.3 mm thick slice shown with yellow dashed line.
II. 2. 2D 1H NMR D − T2eff MEASUREMENTS
A. 2.1 Experimental set-up
The two-dimensional diffusion, spin-spin relaxation 2D D−T2eff experiments, were per-
formed in the fringe field of a 4.7 T Bruker superconducting magnet that provides a 34.7
T/m constant field gradient at 1H NMR frequency of 101.324 MHz. For this reason the
cryostat was lifted at the position of the fringe field of the magnet, where the NMR fre-
quency varies linearly with the position (i.e. the magnetic field gradient in the z-direction
is constant). The NMR active region of the water saturated CNTs in the gamma shaped
tubes in the 34.7 T/m magnetic field gradient is a horizontal slab of thickness ∼ 0.2 − 0.3
mm (Figure S 2c). The probe position was calibrated to acquire measurement at the cen-
ter of the horizontal part of the tube. All measurements were performed on a broadband
home-built NMR spectrometer operating in the frequency range 5 MHz - 1 GHz.
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Fig. S 3: Upper panel shows the 2D D − T2eff NMR pulse sequence used in this study.
Lower panel shows samples of CPMG spin echo decay of water inside 3.0 nm CNT, at 290
K for three different tD values. For each sample, at each temperature, around fifty values
of tD were used generating fifty similar curves as shown.
B. 2.2 Pulse sequence
The pulse sequence for 2D D−T2eff measurements is shown in the upper panel of Figure
S 3. The diffusion (D) part of the pulse sequence is encoded in a pi/2 − tD − pi − tD pulse
sequence (Hahn echo) where tD is the variable delay time between the pulses, and the pi/2
pulse is set equal to 4µs. The T2eff part of the pulse sequence consists of a Carr-Purcell-
Meiboom-Gill (CPMG) [5,6] spin-echo decay (SED) train with more than 5000 pi pulses, as
shown in the upper panel of Figure S 3. The time interval 2τ between successive CPMG pi
pulses was set to 30µs. In general, for each sample and at each temperature, around fifty tD
values were chosen ranging from 30µs to 1000µs in a logarithmic scale. In most experiments
the NMR signal disappears after 300 − 350µs, due to the extremely strong magnetic field
gradient. D − T2eff data were acquired by a series of 1D experiments. Data in the direct
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(T2eff ) dimension were collected in single shot, by recording simultaneously the intensity
of all CPMG echoes. Data in the indirect dimension (D) were accumulated in successive
experiments by incrementing tD as mentioned above.
C. 2.3 Signal analysis
The recorded D − T2eff signals comprise a 2D matrix s(tD, t) decaying according to the
following equation [1–4]:
s(tD, t)
s(0, 0)
=
∫ ∫ +∞
0
{e−Dg
2γ2t3D
12 e
− tD
T2 }e−
t
T2eff f(D,T2) dD dT2 (1)
where f(D,T2) is the distribution function of D and T2,
1
T2eff
= 1
T2
+ Dg
2γ2τ2
3
, g is the
magnetic field gradient and γ is the proton gyromagnetic ratio.
The first two exponentials in the brackets of equation (1) describe the attenuation of the
first echo, encompassing both the diffusion and the transverse relaxation T2. The third
exponential term describes the echo attenuation during the CPMG pulse sequence, due
to the effective transverse relaxation time T2eff . In order to eliminate T2 from the time
evolution of the first echo (t + D), the shear transformation tt = t + tD [3, 4] was applied,
resulting the following equation:
s(tD, tt)
s(0, 0)
=
∫ ∫ +∞
0
{e−Dg
2γ2t3D
12 e+
Dg2γ2τ2tD
3 }e−
tt
T2eff f(D,T2) dD dT2 (2)
In this way, the time evolution of the first echo becomes independent of T2. For very
short CPMG interpulse time interval 2τ , the exponential term proportional to tD can be
neglected in comparison to the cubic (tD)
3 term, transforming equation (2) to the following
equation,
s(tD, t)
s(0, 0)
=
∫ ∫ +∞
0
K0(tD, tt, D, T2eff )f(D,T2) dD dT2 (3)
where the Kernel function K0 is equal to K0(tD, tt, D, T2eff ) = (e
−Dg
2γ2t3D
12 e
− tt
T2eff ).
Equation (3) is a Fredholm integral equation of the first kind, which by inversion pro-
vides the distribution function f(D,T2). To acquire the inversion a non-negative Tikhonov
regularization method was developed. Short description of the method is given below.
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D. 2.4 Tikhonov regularization algorithm
In the simple case of a weak external magnetic field gradient g and/or small diffusion
coefficient D, if short interpulse time intervals 2τ is considered, then T2eff ∼ T2 and the
Kernel K0(tD, tt, D, T2eff ) becomes separable into a diffusion term K1(tD, D) and a T2 term
(K2(tt, T2). The inversion is then achieved by recasting equation (3) in matrix form as,
s˜ = K˜1f˜ K˜2
T
, and applying a non-negative Tikhonov regularization algorithm [5–8], i.e. by
minimizing the expression ‖s˜ − K˜1f˜ K˜2T‖2 + λ‖f˜‖2, where ‖...‖ is the is the lˆ2 Euclidean
norm of the vectors and λ controls the Tikhonov regularization. In this approach, fast
minimization is achieved by decomposing K˜1 and K˜2 separately into their respective singular
values (SVD), K˜1,2 = U˜1,2Σ˜1,2V˜
T
1,2, where Σ˜1,2 are diagonal matrices with their singular values
in descending order, and U˜1,2, V˜1,2 are the relevant unitary matrices.
In contrast to the above case, in the presence of a very strong magnetic field gradient g,
as in our experiments, the kernel matrix K˜0 depends on T2eff and it can not be splitted into
K˜0 = K˜1 ⊗ K˜2.The inversion is acquired by reformulating equation (3) in one-dimension as
~s = K˜0 ~f , where ~s and ~f are vectors obtained by lexicographically ordering the relevant ma-
trices [5, 6]. Tikhonov regularization and SVD are performed on the unsplitted total Kernel
matrix K˜0. The ’best-fit” (optimal) 1D solution ~fopt is then given by ~fopt,λ =
∑
i Ti
uTi ~s
σi
vi,
where the Tikhonov filter Ti is equal to Ti =
σ2i
σ2i+λ
2 , with σi the singular values of K˜0, and
ui, vi the left and right singular vectors forming an orthonormal basis for K˜0. The optimal
λ value in the Tikhonov regularization was obtained automatically via error estimation with
the help of a bisection method [9]. Unwrapping ~fopt back in two dimensions with an inverse
lexicographic algorithm [5] provides the two dimensional D − T2eff spectrum.
III. 3. COMPARISON BETWEEN SIMULATED AND EXPERIMENTAL 1H
NMR DIFFUSION MEASUREMENTS
The reliability of the inversion, especially at strong magnetic field gradient and very short
T2eff values was checked by comparing D-profiles, acquired by experimental and simulated
D − T2eff data. Figure S 4 presents experimental D and T2eff -profiles (black lines) in
comparison to simulated ones (red lines); the latter were acquired by setting T2eff values
similar to the experimental ones but using a single diffusion coefficient at valueD = 1.8×10−9
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Fig. S 4: Comparison of the self-diffusion coefficient D distribution of water in fully
hydrated DWCNTs at 285 K (black line) as obtained from D − T2eff experiments with
simulated data (red lines). The simulated data were acquired by setting similar T2eff
values with the experimental data but only one D-value, D = 1.8× 10−9 m2/sec.
m2/sec. All other inversion parameters were kept exactly the same for both simulated and
experimental data.
The simulated data are observed to acquire only a slight broadening of the D-distribution
(centered at 1.8× 10−9 m2/sec), which is an order of magnitude narrower than that of the
experimental D-profile, showing the reliability of our algorithm.
IV. 4. T2eff PROJECTIONS AT DIFFERENT TEMPERATURES
Figure S 5 shows representative T2eff projections of the 2D D − T2eff spectra of the
d = 4.5 nm CNTs sample at selected temperatures. Each projection exhibits two peaks, a
short T2eff peak corresponding to the nanotube water (water in the interior of the CNTs)
and a long T2eff component assigned to bulk and interstitial water among CNT bundles. The
intensity of the high-T2eff signal component is shown to decrease by lowering temperature.
Below the freezing temperature of bulk water (273 K) the long T2eff component from bulk
and interstitial water is assigned solely to the interstitial water, as frozen bulk water is
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invisible due to the very small T2 value of ice. Similar trends were observed in all measured
CNTs.
Fig. S 5: The T2eff distribution of water of the d = 4.5 nm CNTs, at three temperatures:
295 K, 285 K and 265 K. For clarity plots have been rescaled to one.
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V. 5. ANALYSIS OF STRONG AND FRAGILE LIQUIDS
Fig. S 6: Temperature dependence of the inverse self-diffusion coefficient 1/D as a function
of 1000/T of bulk and fast diffusive water groups inside CNTs. The black and dashed-lines
are the fitting curves using the Power law. The two blue lines are the fit using Arrhenius
law which do not give good fit.
The temperature dependence of the inverse of the experimental self-diffusion coefficient
1/D as a function of 1000/T of bulk water and of the fast-diffusing water component inside
CNTs for d = 3, 3.5, and 4.5 nm are shown in Figure S 6. The data of the bulk water
shown as red-yellow circles were added from the literature (ref. [10, 11]).The black curve
was obtained by fitting the data (experimental and data from the literature) with the Speedy
Angell power law D = D0[(T/Ts) − 1]γ with D0 = 1.635 × 10−9 m2/s, Ts = 215.05 K and
γ = −2.063. As seen, the experimental data deviate from the Arrhenius behavior (blue line,
strong liquid) at around 270 K, the temperature at which bulk water enters the metastable
super-cooled state below the normal freezing point. Data of the fast-diffusing water group
inside CNTs were also successfully fitted to the Power law with fitting parameters, Ts = 218
K, γ = −3 (3.5 nm, 4.5 nm) and γ = −5 (3.0 nm). One observation is that the cross
over temperature at which data deviate from the Arrhenius behavior occurs at even higher
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temperature in comparison to the bulk. For the fast water group inside the 3.5 nm this
happens at around 285 K. The degree of fragility can be estimated from the γ parameters;
their values are higher in magnitude for the fast diffusion in comparison to that obtained
for bulk water. This is clearly seen from the sudden rise of 1/D data points as a function of
temperature in comparison with that of the bulk water.
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